Studies on dynamic impact of high-speed trains on long-span bridges are important for the design and evaluation of high-speed railway bridges. The use of the dynamic load factor (DLF) to account for the impact effect has been widely accepted in bridge engineering. Although the field monitoring studies are the most dependable way to study the actual DLF of the bridge, according to previous studies there are few field monitoring data on high-speed railway truss arch bridges. This paper presents an evaluation of DLF based on field monitoring and finite element simulation of Nanjing DaShengGuan Bridge, which is a high-speed railway truss arch bridge with the longest span throughout the world. The DLFs in different members of steel truss arch are measured using monitoring data and simulated using finite element model, respectively. The effects of lane position, number of train carriages, and speed of trains on DLF are further investigated. By using the accumulative probability function of the Generalized Extreme Value Distribution, the probability distribution model of DLF is proposed, based on which the standard value of DLF within 50-year return period is evaluated and compared with different bridge design codes.
Introduction
During the bridge design, static load effect should multiple dynamic load factor (DLF) for consideration of the dynamic effects. Thus, accurate evaluation of the DLF will lead to safe and economical designs of new bridges and provide valuable information for condition assessment of existing bridges. However, determining the DLF is a rather complicated problem because of the interaction between the bridge and moving vehicles.
Most studies using the analytical approach have been conducted to investigate the bridge-vehicle interaction and estimate the DLF. For example, Paultre et al. [1] presented an extensive review of early studies conducted on bridge dynamics and the evaluation of the dynamic amplification factor (DAF). McLean and Marsh [2] provided a synthesis that summarizes the important knowledge and findings with respect to vehicular dynamic load effects on highway bridges. Deng et al. [3] calculated the reliability-based dynamic load allowance for capacity rating of prestressed concrete girder bridges. Ding et al. [4] evaluated the dynamic vehicle axle loads on bridges with different surface conditions. With the development of field testing technology, field tests have proven to be the best available approach to investigate the actual bridge-vehicle interaction to estimate the DLF. For example, Demeke et al. [5] evaluated the dynamic loads on a skew box girder continuous bridge using field test and modal analysis. Nassif and Nowak [6] carried out the research of dynamic load for girder bridges under normal traffic by field measurement. Miyamoto [7] carried out the field tests for remaining life and load carrying capacity assessment of concrete bridges. Park et al. [8] studied the influence of road surface roughness on dynamic impact factor of bridge by full-scale dynamic testing. Furthermore, recent years have seen a growing trend in the application of probabilistic approaches in the study of DLF using long-term monitoring results with the aid of structural health monitoring system. For example, Caprani [9] investigated the lifetime highway bridge traffic load effect from a combination of traffic states allowing for dynamic amplification using the Generalized Extreme Value Distribution. Deng and Cai [10] developed the dynamic impact factor for performance evaluation of existing multigirder concrete bridges using the Gumbel distribution. Even though the field tests had been carried out on many types of bridge structures, according to previous studies there are few field monitoring data on high-speed railway truss arch bridges. In this study, a long-term field monitoring was conducted on the Nanjing DaShengGuan Bridge to collect the dynamic responses induced by high-speed trains. Nanjing DaShengGuan Bridge is a steel truss arch bridge with the longest span throughout the world. Its 336 m main span and 6-track railways rank it the largest bridge with heaviest design loading among the high-speed railway bridges by far. Also the design speed of 300 km/h of the bridge is on the advanced level in the world. Thus it is valuable to monitor the actual DLF under normal traffic conditions. The DLFs in different members of steel truss arch are measured using monitoring data and simulated using finite element model, respectively. A parametric study was further carried out to investigate the influences of lane position, number of train carriages, and speed of trains on DLF. To determine the appropriate DLF value for design purposes, a statistical analysis was finally conducted.
Dynamic Strain Responses of the Bridge

Field Monitoring
System. The subject of this study is Nanjing DaShengGuan Bridge shown in Figure 1 (a), which is a steel truss arch bridge with the span arrangement (108 + 192 + 2 × 336 + 192 + 108) m. The elevation drawing of the bridge is shown in Figure 1(b) . Due to the remarkable characteristics of Nanjing DaShengGuan Bridge including long span of the main girder, heavy design loading, and high speed of trains, a long-term SHM system was designed and installed on the Nanjing DaShengGuan Bridge shortly after it was opened to railway traffic. As shown in Figure 1 (b), dynamic strain monitoring of steel truss arch is performed at the 1-1 cross section in the middle of the first main span of the bridge. The steel truss arch comprises chord members with box-shaped cross sections (top chord, bottom chord, and deck chord, resp.), diagonal web members with I-shaped cross sections, vertical web members, and horizontal and vertical bracings as shown in Figures 2(a) and 2(b). It can be seen from Figures 2(c)-2(f) that eight FBG strain sensors are installed on the top chord member, the diagonal web member, the bottom chord member, and the deck chord member, respectively. Sampling frequency of dynamic strain data collection is set to 50 Hz.
Finite Element Modeling of the Bridge and Train.
Although field monitoring studies remain the most dependable way to study the dynamic load factors (DLFs) of the bridge, the limited monitoring positions have restricted their extensive applications. Another method to obtain the dynamic strain responses of the whole bridge is finite element (FE) modeling method. Currently, with the advances of computer technology, FE modeling method has been widely applied to obtain results that are in good agreement with those measured from field tests. Figure 3 shows the threedimensional finite element model of the Nanjing DaShengGuan Bridge using ANSYS software. A total of 59760 nodes and 112706 elements are built in the model, 58370 of which are beam elements and 54336 of which are shell elements. The top chords, the bottom chords, the deck chords, the diagonal web members, the vertical web members, and the horizontal and vertical bracings of the steel truss arch are simulated by BEAM188 element; the diaphragm members and top plates of the steel bridge deck are simulated by SHELL181 element. Moreover, the finite element model has 7 bearings. The restraints of 7 bearings are set as follows: the middle bearing is constrained with three degrees of translational freedom in directions of longitudinal , transverse , and vertical ; the other bearings are constrained with two degrees of translational freedom in directions of transverse and vertical . The elastic modulus and poison ratio of the steel are selected as 210 GPa and 0.30. The acceleration of gravity is set to 9.8 m/s 2 . The damping ratio is set to 0.02. The parameters of the train loads are determined from the prototype (CRH3) of trains on the Beijing-Shanghai highspeed railway line. The train prototype is an electric multiple unit (EMU) including 8 or 16 carriages. The weight of an empty EMU is 380 t, and an EMU has a seating capacity of 601 people. Assuming that the average weight per person is 80 kg, which is defined from China's Ministry of Railways in 2001, each carriage's weight is = 53,510 kg, and the vertical excitation force generated by a wheel is = ( /8)×9.8 N/kg = 65,549.75 N. Because of the large length of a single carriage (24 m), the load model of the carriage is divided into 8 point loads, and the loads of an EMU with 8 or 16 carriages are grouped as 8×8× or 8×16× . Moreover, it is supposed that the train wheels are always closely touching the surface of the bridge without deviation, so the wheels and the surface of the bridge are coupled by the compatibility of displacements and equilibrium of forces at the contact points.
Results of Dynamic Strain Responses.
As for dynamic strain monitoring, each chord member or diagonal web member has two strain sensors on the downstream side and upstream side, respectively. The average values of two strain sensors are calculated to represent the axial dynamic strain of the corresponding member in the truss arch:
where ,d and ,u denote the strain data from the th strain sensors ,d and ,u , respectively; denotes the axial dynamic strain of the corresponding member. Figure 4 show the typical time histories of dynamic strain data 1 ∼ 4 when one train passed through the bridge from 9:28:47 pm to 9:29:59 pm on August 7th, 2013. Corresponding to this loading case, the simulated dynamic strain responses are obtained using FE model method. Its train load for each carriage is 535 kN; its loading position is lane 2; the number of its carriages is 8. Figure 4 also shows the results of simulated strain responses s,1 ∼ s,4 , corresponding to s,1 ∼ s,4 . It can be seen that the amplitudes of monitoring strain and simulated strain are close, verifying the effectiveness of the FE modeling method. It should be mentioned that although partial trends of monitoring strain and simulated strain are not consistent, such inconsistency will not influence the calculation results of DLF, because the DLF is decided by the amplitude of strain rather than the trend of strain.
Dynamic Load Factors of the Bridge
Definition of the Dynamic Load
Factor. Bakht and Pinjarkar [11] suggested the following equation for calculation of the dynamic load factor:
where DLF denotes the dynamic load factor, and DLA denotes the dynamic load allowance given by
where dyn denotes the maximum dynamic strain response, and stat denotes the maximum static strain response.
Dynamic Load Factors from the Dynamic Strain
Responses. As for the monitoring strain data, the dynamic strain data can be directly collected by strain sensors (namely ), and the static strain data can be acquired by filtering the dynamic strain data with a low-pass filter to eliminate the dynamic components of strain data. As for the simulated strain data, the dynamic and static strain data can be directly obtained using FE model method. Then dyn is calculated by
where denotes the monitoring dynamic strain data or the simulated dynamic strain data s, ; abs( ) denotes the absolute value of , and max(abs( )) denotes the maximum value of abs( ). And stat is calculated by
where denotes the monitoring static strain data or the simulated static strain data; abs( ) denotes the absolute value of , and max(abs( )) denotes the maximum value of abs( ).
Therefore, the DLF of monitoring strain data is calculated by four steps: (i) calculate the maximum amplitude dyn of monitoring dynamic strain by using (4); (ii) acquire the static strain by using the low-pass filter; (iii) calculate the maximum amplitude stat of static strain data by using (5); (iv) calculate the DLF by using (2) and (3). The DLF of simulated strain data is calculated by three steps: (i) calculate the maximum amplitude dyn of simulated dynamic strain by using (4); (ii) calculate the maximum amplitude stat of simulated static strain by using (5); (iii) calculate the DLF by using (2) and (3).
It should be noted that an appropriate low-pass filter is important to obtain the authentic static strain data. In this study, the FIR (Finite Impulse Response) filter is used [11] . The transfer function of a polynomial of -order FIR filter is defined by
and its frequency response is
where
T is the coefficient vector having the filter coefficients,
T , and T denotes the transpose of matrix. The coefficients of FIR filter are usually symmetric; hence they have a spectrum that exhibits a linear phase, and the response to an impulse settles to zero. Specifically, the low-pass FIR filter is decided by four input parameters: the normalized passband edge frequency p , the normalized stopband edge frequency s , the allowed passband deviation p , and the stopband deviation s [11] . Generally, the optimal values of four input parameters are obtained by trial-and-error approach [10] . In this study, the optimal values of four input parameters are p = 0.004 Hz, s = 0.06 Hz, p = 1, and s = 60 after trial-and-error approach. The static strain data are acquired by using this filter, which show good filtering effect in Figure 5 .
Field Monitoring Results of Dynamic Load Factors.
In this study, the dynamic strain responses of the bridge were recorded for each case having a single train traversing on the bridge. 1000 cases (a single train at a time) were selected and the computed DLFs of 1000 cases are shown in Figure 6 . It is clear from the figures that the DLF is not a deterministic quantity. Thus, the mean DLF and maximum DLF denoted by AV and MV are further computed and also shown in Figure 6 . The mean DLF and maximum DLF computed from the bottom chord member are the largest of all, which are 1.0862 and 1.1411, respectively. And the mean DLF and maximum DLF computed from the top chord member are the smallest of all, which are only 1.0069 and 1.0106, respectively. Figure 6 shows the field monitoring results of DLFs for key members of the steel truss arch. However, only DLFs of the truss 3 as shown in Figure 2 (a) have been measured. In this section, DLFs for all trusses, that is, truss 1, truss 2, and truss 3, are obtained using the simulated strain responses with the FE modeling method. The strain data is simulated in 16 cases as shown in Table 1 , and the calculation results of DLFs from truss 3 are shown in Figure 7 . Moreover, Table 2 shows the monitoring and simulated AVs of the DLFs, and it can be seen that the monitoring AVs of the DLF are close to the simulated AVs of the DLFs, verifying the effectiveness of the finite element modeling method. For all 16 cases, the maximum DLF of each key member is further obtained. Thus, Figure 8 shows the maximum DLFs for key members of the truss 1, truss 2, and truss 3. It can be seen that, for each truss, the maximum DLFs of the bottom chord member, the diagonal web member, the deck chord member, and the top chord member decrease successively, which is consistent with the monitoring results. Furthermore, the maximum DLFs from truss 1 and truss 3 is a little higher than those from truss 2. Thus, for three planes of truss arch, the dynamic effects induced by high-speed trains for middle truss arch are less than those for side truss arch. 
Dynamic Analysis Results of Dynamic Load Factors.
Number of cases
Carriage load (kN) Load location Number of carriages Train speed (km/h) 1 5 3 5 L a n e 1 8 2 4 0 2 5 3 5 L a n e 2 8 2 4 0 3 5 3 5 L a n e 3 8 2 4 0 4 5 3 5 L a n e 4 8 2 4 0 5 5 3 5 L a n e 1 8 1 6 0 6 5 3 5 L a n e 2 8 1 6 0 7 5 3 5 L a n e 3 8 1 6 0 8 5 3 5 L a n e 4 8 1 6 0 9 5 3 5 L a n e 1 
Factors Affecting the Dynamic Load Factors
As mentioned in the preceding sections, many factors affect the magnitude of the DLF. The influence of lane position of trains, number of train carriages, and speed of trains was studied and is presented in the following sections.
Lane Position.
There are 4 train lanes in the girder of DaShengGuan Bridge, as shown in Figure 2(a) . Firstly, the measured DLFs of 1000 trains in Figure 6 are classified as 4 groups corresponding to 4 train lanes, respectively. The total number of the DLFs for each train lane is 250. Then, for each group the 250 DLFs are divided into 50 segments and the mean value of each segment is computed as shown in Figure 9 . Furthermore, the mean values of the simulated DLFs in Figure 7 are computed for each train lane, respectively, which are also shown in Figure 9 . s, denotes the average value of the th train lane, = 1, 2, 3, 4. It can be seen that the influence of lane 1, lane 2, lane 3, and lane 4 on the DLFs decreases successively for the top chord member, the diagonal web member, and the bottom chord member but increases successively for the deck chord member. Therefore, with the train closer to the steel truss arch, the dynamic effect is more significant for the deck chord member.
Number of Train Carriages.
In China, the high-speed electric multiple unit (EMU) train has 8 carriages or 16 carriages, respectively. In this study, an investigation has been carried out to determine if there is a correlation between the DLF and the number of train carriages. Firstly, the measured DLFs of 1000 trains in Figure 6 are classified as two groups corresponding to the 8 carriages and 16 carriages, respectively. The total number of the DLFs for both 8 and 16 carriages is 500. Then, for each group the 500 DLFs are divided into 50 segments and the mean value of each segment is computed as shown in Figure 10 . Furthermore, the mean values s,8 and s,16 of the simulated DLFs in Figure 7 are computed for 8 and 16 carriages, respectively, which are also shown in Figure 10 . The figures show an increase in the mean DLF for the 8 carriages comparing with the 16 carriages. However, it can also be noticed that the absolute value of the increase is very small.
Speed of Trains.
According to the field monitoring results, the speed of trains ranges approximately from 110 km/h to 250 km/h. The results of the DLF (DLF) caused by the speed of trains are plotted in Figure 11 . Meanwhile, the simulated DLFs under the speeds of 160 km/h and 240 km/h are shown in Figure 11 , which can verify the influence of train speed on the monitoring DLFs. It can be seen that the speed and DLF are weakly correlated. According to the fitting curves shown in Figure 11 , even though the correlation between speed and DLF is not strong, there exists an increasing linear relationship (i.e., as the speed of trains increases, the DLF will also increase).
Statistical Analysis of the Dynamic Load Factors
Probability Distribution Model.
In this study, a large amount of data on DLFs was acquired through field monitoring. Therefore, it is important to introduce a statistical analysis to obtain the appropriate design value of DLF. Firstly, the accumulative probability function for DLFs is established. Three types of accumulative probability function are selected: the normal distribution, the Weibull distribution, and the Generalized Extreme Value Distribution (GEVD). Taking the DLFs in Figure 6 (a), for example, the accumulative probability and fitting curves using three probability distribution functions are shown in Figure 12 (a). Their fitting errors are obtained by calculating the variances of residuals between the monitoring curve and the fitting curve, which are 0.000112, 0.000189, and 0.000105, respectively. Thus, the GEVD is the best fitting curve, which is defined by
where denotes the DLFs; , , and denote shape parameter, scale parameter, and location parameter of GEVD, respectively, which can be estimated by maximum likelihood method. In detail, Generalized Extreme Value Distribution ( ) combines three types of distributions (i.e., Gumbel distribution, Frechet distribution, and Weibull distribution) into a single form. The parameters of GEVD in Figure 12 (a) are = −0.1279, = 0.0009, and = 1.0066. Moreover, Figures 12(b)-12(d) show the fitting curves of GEVD for the diagonal web member, the bottom chord member, and the deck chord member. It can be seen that the GEVD can well describe the probability characteristics of the DLFs.
Evaluation of Dynamic Load Factors
Standard Value of Dynamic Load
Factors. Eurocode 1 [12] specifies that the standard value is the extreme values within 50-year return period. The monitoring dynamic strains are affected by the irregularity of the rail, so the calculated DLF of the monitoring dynamic strains has contained the influence of the irregularity of the rail. The irregularity of the rail may be worse later and furthermore influences the current statistics characteristics of the DLFs, but whether the irregularity of the rail is really worse or not is hard to decide. So this paper studied the case when the irregularity of the rail does not get worse. In this case, the standard value of the monitored data obtained within a short period of time can be used as the extreme value of the DLF within 50-year return period. Specifically, the standard value can be calculated by
where p denotes the standard value; denotes the exceeding probability; denotes the number of DLFs in one year. One LDF can be calculated after one train passes the bridge, so is equal to the total amount of trains passing the bridge in one year. On consideration that p cannot be directly calculated by (9a) and (9b), then p is numerically calculated by Newton iteration formula as follows:
where p is the th iteration of 0 p , and ( p ) is the oneorder derivative function of ( p ). Iteration terminates when the absolute difference between +1 p and p is less than 0.0005. Based on the method above, the stand values of DLFs are shown in Table 3 . It can be seen that the bottom chord has the maximum stand value 1.1613. Moreover, the maximum value of the DLFs in Figure 6 for each structural member is computed and the correlation between standard values and maximum values is shown in Figure 13 . The fitting curves and the corresponding parameters of linear correlations are shown in Figure 13 using the least square method, where denotes slope term and denotes the constant term. It can be seen that the correlation shows obvious linear correlation.
Comparison with Different Bridge Design Codes
(1) The Manual for Railway Engineering (USA). According to the Manual for Railway Engineering [13] , the DLF for steel bridges can be defined as follows:
Shock and Vibration 
where denotes the span length and denotes the bridge width.
(2) The UIC Code 776-IR. According to the UIC Code 776-IR [14] , if the railway bridges are designed by the UIC load diagram, then the DLF can be defined as follows:
where DLF 1 , DLF 2 , and DLF 3 denote three kinds of DLFs and denotes the loading length. If DLF 1 , DLF 2 , and DLF 3 are less than 1.0, then DLF 1 , DLF 2 , and DLF 3 take the value 1.0. The code specifies that, for railway lanes under good maintenance, DLF 1 is used to calculate the DLF of shearing force, and DLF 2 is used to calculate the DLF of bending movement; for other railway lanes, DLF 2 is used to calculate the DLF of shearing force, and DLF 3 is used to calculate the DLF of bending movement.
(3) BSI-BS5400. According to the BSI-BS5400 [15] , the DLF of the high-speed railway coaches is 1.2 when it is used to calculate the bending movement and the shearing force. But for railways without ballast groove, the longitudinal girder for directly bearing the railway load, and the transverse girder of single-track railway, the DLF should be 1.4.
(4) Fundamental Code for Design on Railway Bridge and Culvert (China).
According to the fundamental code for design on railway bridge and culvert in China [16] , the DLF for continuous steel bridges is defined as follows:
But if the train speed exceeds 200 km/h, according to the temporary regulation on the latest design of 200 km∼250 km special railway for passengers [17] , the DLF for continuous steel bridges is defined as follows:
where DLF 4 and DLF 5 denote the DLFs for shearing force and bending movement, respectively, and if DLF 4 and DLF 5 are less than 1.0, then DLF 4 and DLF 5 take the value 1.0; denotes the loading length. Specifically, is calculated by
denotes the number of spans; denotes the length of the th span. Moreover, if < 3.61 m, = 3.61 m; if is less than the maximum span, takes the value of the maximum span.
(5) DS804 (Germany). According to the DS804 code in Germany [18] , the UIC load diagram is used to be the design load, and the DLF is defined by the following: (16c) (6) JNR (Japan). According to the JNR code in Japan [19] , the DLF of steel bridge is defined by Tables 2 and 4 , it can be noticed that the maximum DLF obtained from the present study, which is 1.1613, is close to the specified values in the USA code and BSI-BS5400 code. And UIC Code, China code, and DS804 code are found to be the most unsafe in deriving the value of the DLF for design purposes.
Conclusions
In this study, an evaluation of dynamic load factors for a high-speed railway truss arch bridge was carried out using the monitoring strain data and finite element simulation. On the basis of the results obtained from this particular study the following conclusions, which can provide reference for similar kinds of bridges, can be drawn:
(1) For each plane of steel truss arch, the dynamic load factors (DLFs) decrease in turn in the bottom chord member, diagonal web member, deck chord member, and top chord member. Furthermore, for three planes of truss arch, the dynamic effects induced by highspeed trains for middle truss arch are less than those for side truss arch.
(2) Strong correlations were found between the train lane and the DLF. With the train lane closer to the side truss arch, the DLF is larger for the deck chord member and smaller for the top chord member, diagonal web member, and bottom chord member.
(3) The mean DLF obtained from trains with 8 carriages in a given sensor location was found to be larger than the mean DLF obtained from trains with 16 carriages. However, it can also be noticed that the absolute value of the increase is very small.
